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(57) Abstract 



A composite photonic (band gap) crystal structure comprising a guide crystal (for trapping or guiding tight) configured in a plane 
having a dielectric periodicity in at least a first direction in the plane; and barrier crystals configured above and below the guide crystal 
to confine light within the guide crystal, the barrier crystals having a dielectric periodicity in at least a second direction not in the plane. 
In another embodiment, there is provided a composite photonic crystal structure comprising a guide crystal configured in a plane having a 
dielectric periodicity in at least one dimension; and a barrier crystal configured adjacent the guide crystal to confine light withjii the guide 
crystal, the barrier crystal having a dielectric periodicity in at least two dimensions. 
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COMPOSITE PHOTONIC CRYSTALS 

SPONSORSHIP INFORMATION 
This invention was made with govemmMt support under Grant No. 9400334- 
5 DMR awaided by National Science Foundation. The govemmmt has certsin rights in the 
invention. 

BACKGRQTIND OF THE INVENTION 

Hie invration relates to photonic crystals, and in particular to composite photonic 
crystals comprising one- and two-dimensionaily periodic photonic crystals. 

1 0 The developmrat of photonic crystals, structures with band gaps that prevent the 

propagation of light in a certain frequency range, has led to proposals of many novel 
devices for important applications in lasers, opto-electronics, and communications. 
Among these devices are high-Q optical filters, waveguides permitting tight bends with 
low losses, channel-drop filters, efficimt LEDs, and danced lasing cavities. All of 

1 5 these devices, however, require tiie fabrication of photonic ciystals allowing confinement 
of light in three dimeniaohs. Moreov^, the length scale of the features in a structure must 
be on the order of microns in order to control light of wavelmgtiis typical in opto- 
dectronics and other applications. 

It is therefore desirable to obtain quasi-3D photonic crystals that approximate the 
2 0 most desirable properties of true three-dimoisionally periodic crystals, but are potentially 
much easier to fabricate since they sue composed of lower-^iimrasionally periodic 
components. The most straightforward way of achieving a photonic crystal in three 
dimensions is to utilize a structure with a true three-dimensional band gap. Here, light 
whose frequency is in the band gap cannot propagate in any direction through the crystal. 
25 Such a structure has been described in U.S. Pat. Nos. 5,440,421 and 5,600,483, of 
common assignee, and much effort has been expended in attempting to construct it. 
Fabrication of this and other true 3D structures has proved difficult, however, due to the 
complicated three-dimensional connectivity of tiiese crystals and their extreme sensitivity 
to inter-layer alignment. 

30 An alternative approach that has been successfully applied is to take a one- of two- 

dimensionaliy periodic photonic crystal and to truncate it in the second and/or third 
dimmsions using index confinement, classically known as total internal reflection (TIR), 
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and described in U S Pat No. 5,526,449. The foregoing patent refers to structures with 
one- or two-dimensional periodicities and band gaps as ID or 2D photonic crystals, 
respectively, although they may exist in three dimensions. TIR allows light to be guided 
within a high index (high dielectric constant, e) material surrounded by a low index 
5 material. When this effect is combined with a photonic crystal, the resulting hybrid can 
s^roximately localize light in a point-like region, a resonant cavity, where the structure 
has been altered. This alteration, and the resulting resonant cavity, is referred to as a 
point defect. 

Light can even be perfectly guided along a waveguide or line defect, a one- 
10 dimensionally periodic line-like region of defects in the periodic structure. A one- 
dimensionally periodic TIR^based photonic crystal has, in fiact, been fabricated 
successfully as reported by Foresi et al., "Measurwnent of Photonic Band Gap Waveguide 
Microcavities," Nature 390, p. 143-145 (1997). Since it does not have a true three- 
dimensional band-gq>, however, light cannot be perfectly confined. Instead, it leaks out 
15 slowly. The lifetime according to which localized light leaks out is described by the 
quality factor, or Q, of the defect. For most 85)plications (including all of those mentioned 
above), it is critical that the Q of a point defect be as large as possible. Although TIR 
designs provide adequate values of Q, one would like to do better. 

20 SUMMARY O F THE n^NTTON 

The invoition provides a design of a quasi three-dimensionally periodic photonic 
crystal. Such a structure is a composite of one- and two-dimensionally periodic photonic 
crystals, consisting of a photonic crystal guide region surrounded by photonic crystal 
barrier regions. This design allows confinement of light to a resonant cavity using a point 

25 defect, as well as enabling the formation of waveguides using line defects, Quasi-3d 
crystals have the advantage of being considerably more amraable to fabrication than 
structures with true three-dimensional periodicity. 

Accoiding to the present invention, there is provided a composite photonic crystal 
structure comprisinjg a guide crystal configured in a plane having a didectric poiodicity 

30 in at least a first direction in the plane; and barrier crystals configured above and below 
the guide crystal to confine light within the guide crystal, the barrier crystals having a 
dielectric periodicity in at least a second direction not in the plane. 
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In another embodiment, there is provided a composite photonic crystal structure 
comprising a guide oystal configured in a plane having a dielectric periodicity in at least 
one dimension; and a barrier crystal configured adjacent the guide crystal to confine light 
within the guide crystal, the barrier crystal having a dielectric periodicity in at least two 
5 dimensions. 

These and other objects, features and advantages of the present invention will 
become apparent in light of the following detailed description of preferred embodiiiil^ts 
thereof, as illustrated in the accompanying drawings. 

10 

BRIEF DESCailPTION OF T HE DRAWINGS 
FIGs. 1 A-IC arc block diagrams of composite photonic crystals in accordance with 
the invention; 

FIG. 2 is block diagram of a hybrid quasi-3D/TIR photonic crystal structure; 
15 FIG. 3 is a block diagram of a guide crystal of the invention including an (infinite) 

two-dimensional slab consisting of a square lattice of dielectric rods in air; 

FIG. 4 is a plot of the band structure for the 2D square lattice of rods of FIG. 3; 
FIG, 5 is a plot of a band structure for a possible Bragg mirror, folded according 
to the periodicity of the guide crystal and projected onto the guide's 2D Brillouin zone; 
20 FIGs. 6A and 6B are plots of projected band structures for square lattice of 

truncated rods in air for heights of 0.6a and 1.6a, relative to the horizontal lattice constant 
a; 

FIG. 7 is a graph of an abstract band structure for a defect state in the guide 
crystal, indicating the states in the light cone that it can couple to; 

25 FIG. 8 is a plot of the band structure of a square lattice of rods sandwiched 

between two Bragg mirrors, effectively a composite quasi-3D photonic crystal; 

FIG. 9 is a block diagram of a composite photonic crystal 900 in accordance witii 
the invention; 

FIGs. lOA and lOB are cross sections of a point defect state in a quasi-3D photmic 
30 crystal including a defect rod in accordance with the invention with the component of tiie 
electric field parallel to the rods; 
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FIG. 11 is a top view of a point defect state in a true two-dimensional system 
(square lattice of rods); 

FIG, 12 is a plot of the band structure of a quasi-3D composite photonic crystal 
projected onto the T-X direction; 

5 FIGs. 13A and 13 B are side view and top view cross sections, reflectively, of a 

line defect state in a quasi-3D composite photonic crystal; and 

FIG. 14 is a block diagram of a quasi-3D composite photonic crystal having a line 
defect with a bend. 

10 DCTAILED DESCRIPTION O F THE INVENTION 

The invention involves a new class of dielectric structure, composite or quasi-3D 
photonic crystals, that improve the attainable quality factors while retaining the relative 
ease of fabrication and analysis of TIR designs. FIGs. 1 A-IC arc block diagrams of 
composite photonic crystals in accordance with the invCTtion, with portions of the crystals 

1 5 cutaway to illustrate the interior structure. Composite or quasi-3D structures are one- or 
two-dimensionally periodic photonic crystals (i.e., structures with band gaps in one or two 
dimensions) tiiat are bounded in the remaining dimensions by otiier one- or two- 
dimrasionally periodic crystals. Quasi-3d crystals can, in addition, make use of total 
int^al reflection to further enhance confinemmt. 

20 A quasi-3D photonic crystal consists of two components, a guide crystal and a 

barrier crystal (or crystals). The guide crystal is a slab or rod consisting of a two- or one- 
dimensionally praodic photonic crystal, respectively, and is the layo: of material in whidi 
light is to be guided or trapped, or in which resonances are to be fonned. A barrier crystal 
is a one- or two^limensionally periodic photonic crystal that helps to confine light within 

25 tfie guide crystal-ideally, it reflects any light trying to esc^ from the guide crystal. There 
can be more than one kind and dimensionality of barrier crystal surrounding the guide 
crystal. A barrier crystal can also have a lower average dielectric constant tiian the guide 
crystal, in which case confinraient of light is further enhanced by total internal reflection. 

FIG, 1 A is a block diagram of a composite photonic crystal 100 which includes 
30 a two-dimensionally periodic guide crystal 102 bounded by a one-dimensionally periodic 
barrio- crystals 104,106. FIG. IB is a block diagram of a composite photonic crystal 108 
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which includes a two-dimensionally periodic guide crystal 110 bounded by two- 
dimensionally periodic barrier crystals 112,114. FIG. IC is a block diagram of a 
composite photonic crystal 1 16 which includes a one-dimensionally periodic guide crystal 
1 18 bounded by a two-dimensionally periodic barrier crystal 119. 

5 

FIG. 2 illustrates a block diagram another embodimCTt of the invention, in which 
a barriCT crystal 202 is used to confine light in some directions of a guide crystal 204, and 
TIR to confine it in othm, producing a hybrid structure 200. Essentially, it is desirable 
to match the gzp frequencies of the various photonic crystals making up the quasi-3D 
10 structure. Each gap prevents the propagation of light in a particular direction, and when 
combined they can form a quasi-g^ that imperfectly confines light in all directions. 
Thus, approximate confinement of light modes in a point defect may be obtained. 
Additionally, it is possible to achieve p«fect confinement of light in a one-dimensionally 
periodic line defect. 

15 Since the guide and barrier crystals consist of only one- or two-dimensionally 

periodic dielectric variations, they are relatively simple to manufacture compared to true 
three-dimmisionally periodic structures. Furthermore, no special alignment is required 
between the diffarrat crystals, reinforcing the ease of fabrication of such devices. 

Ideally, it is useful to think of the light in a 2D guide crystal as if it were 
20 pr(q)agating in the true two-dimensional system, which is easily studied and understood, 
and for which extensive theoretical results exist. Although the two-dimensional picture 
fails when it comes to quantitative results, its qualitative predictions still have strong 
analogues in the quasi-'3D system. The two-dimmsional model tfius provides a simple 
guide to our intuition in understanding and designing quasi-3d systems. 

25 The design of an actual quasi-3D composite photonic crystal structure that is 

shown to confine light with a high Q factor will now be described. The bulk of the design 
is done by analysing each component of the structure independently, which allows for 
rough tuning of thdr characteristics using simple systems. Next, they are combined and 
the resulting structure is shown to have the desired properties. Finally, a large number 

30 of parameters result which may be tuned to further enhance the system. Most of the 
theoretical analysis of the crystal is done in terms of the light modes that can exist within 
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the structure with a fixed oscillation frequency (as either standing or propagating waves), 
referred to as the modes or states of the crystal. 

For tfie guide arystal of the invoition, an (infinite) two-dunoisionally periodic slab 
300 consisting of a square lattice of didectric rods 302 in air is diosm, as shown in FIG. 
5 3. The cross section of the rods is unimportant; in actual experimental computations, 
square rods were used. In this example, it will be assumed that the rods are made out of 
silicon, with a dielectric constant of 11.56 in the frequency range of interest. The 
correspondmg two-dimensional system has a photonic band gap for the TM (transverse 
magnetic) polarization of light, in which the electric field is parallel to the rods. FIG. 4 
10 is a plot of the 2D band structure of FIG. 3. TTie other polarization, TE (transverse 
electric), in which the magnetic field is parallel to the rods, propagates freely at all 
frequencies. 

When the rods are truncated into a slab, light can no longer be divided into pure 
TE and TM modes. However, there is still a mirror symmetry plane (bisecting the rods) 
is that will serve to segregate the modes according to whether they are even or odd under 
reflection through this plane. The odd modes are analogous to the TM modes in the 2D 
system and have a corresponding quasi-gap. It will be q)pieda1ed by those skilled in the 
art any other 2D photonic crystal, or even a ID waveguide, could have been chosen as a 
guide crystal as long as it had some sort of band gap. 

2 0 The barrier crystals will consist of two Bragg mirrors, above and below the rods. 

Bragg mirrors aie one-dimensionally periodic photonic crystals consisting of alternating 
slabs of two (or more) dielectric matoials, and have a band gap that restricts propagation 
of light perpendicubr to the planes. Again, any one-dimensionally periodic photonic 
crystal, or even a twd-dim«isional photonic crystal, could have been chosen so long as 

25 it prevents propagation of light in some direction away fix)m the guide crystal. Tlie band 
structuro for the barrier crystals by themselves (assuming that they are infinite in extmt) 
forms an envelope that will constrain the modes in the guide crystal. 

FIG. 5 is a plot of a band structure for a possible Bragg mirror, folded according 
to the periodicity of the guide crystal and projected onto the guide's 2D Brillouin zone. 
30 That is, the frequency of a mode is plotted according to the componait of its wavevector, 
k, \^ich is in the plane of the mirrors. The projected k ranges betwera points (G, X, M) 
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on the perimeter of the irreducible Brillouin zone, as shown in the figure. The shaded 
r^ons indicate possible light modes in the Bragg crystal. Tliese modes are not confined 
in any way, and so coupling with the shaded regions must be prevented in order to create 
guided modes. Thus, it is desirable to work in tte unshaded regions in the envelope of 
5 Bragg states; these regions will be referred to ha:dnafter as ""bubbles". If states caii be 
created inside these bubbles, they will be guided (they wdn*t be able to couple with any 
states in the banier crystals). Then, from these guided states modes will be created that 
are localized (albeit imperfectly) in both the guide and the barrier crystal-point defects. 

Clearly, there are many possible choices of bubbles to work in-potaitially, any of 
10 thebiibbles can be used, d^rading upon the requirements of the system. In this ^cample, 
attmtion will be focused on the bottom-most bubble, which corresponds to index 
confinement In oider to work in this bubble, the av^age dielectric constant in the barria* 
crystals must be made lower than that in the guide crystal. To do this, it will be assumed 
that the Bragg mirrors are made out of layers of silicon dioxide (with a didectric constant 
15 of 2. 1) and some other material with an e of 1.0. If the Bragg gap is maximized, this 
leads to an average dielectric constant of 1.4488 in the barrier crystals, versus an e of 2.33 
in the guide crystal. Although the bottom bubble is purely an index confinement effect, 
there are also two bubbles on the sides, due to the band gap in the Bragg crystal, which 
will be taken advantage of. However, the discussion of these bubbles will be pos^ned 
20 until the guide crystal has been analyzed. 

The guide crystal is based upon the 2D lattice of rods whose band structure is 
given in FIG. 4. Whoi we the rods are truncated Cm air, with no banier crystals yet), this 
2D band structure is essentially sandwiched into the light cone, consisting of modes that 
can propagate in the empty air. HGs. 6A and 6B are plots of projected band structures 

25 for square lattice of truncated rods in air for heights of 0.6a and L6a, relative to the. 
horizontal lattice constant a. The shaded region is the light cohe. The bands under the 
light cone are guided modes, and are tr^ped in the plane of the rods because they cannot 
couple with modes propagating through the air. the TE and TM polarizations in 2D now 
become odd and even guided modes (with respect to the plane of symmetry). Just as thoe 

3 0 was a g^ for TM modes in 2D, th^e is a gap for odd guided modes in this structure. By 
adjusting the rod height to between one and two times the horizontal lattice constant, it 
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is possible to make this gap quite large. Similar results would be obtained for other 
possible guide crystals, but the dimensions would differ. 

It is important to note that the ""gap" in this system is only for the guided modes, 
and there are extraded (light cone) modes witfi frequencies in the gap. Because of this, 
5 if a localized defect state is created in the gap, it will couple to modes in the light cone 
and slowly leak away into the air. FIG. 7 is a graph of an abstract band structure for a 
defect state in the guide crystal, indicating the states in the light cone that it can couple 
to, causing it to "leak out". It is impossible to completely eliminate this leakage without 
resorting to a true 3D photonic crystal. The goal is rather to minimize the coupling to 
1 0 these extended states and thus minimize the rate of leakage. In fact, because a defect state 
(fonned by slightly altmng the guide crystal in one location) can be made mostly out of 
guided modes, its coupling to extended states is already relatively weak. This is the 
principle of index-confinement structures, which allows them to confine light without 
having any additional photonic crystals. 

15 The system can be improved, however, by using barrier crystals on either side of 

die guide crystal, rather than air. Essentially, ^^bubbles" can be positioned in the light 
cone right where a defect state would otherwise couple with the extended states. This 
reduces the numb^ of states that a defect can couple to, thereby reducing the leakage and 
increasing the quality factor, Q. To do this, the frequencies of the bubbles (band gdps in 

20 the barrier crystals) need to be matched with the band gap in the guided modes of the 
guide crystal. The locations and sizes of the bubbles can be easily tuned by adjusting the 
dielectric constants, relative lattice constants, and otho* parameters of tfie crystals. In the 
case of the Bragg mirrors, the side bubbles will be moved down by adjusting the lattice 
constant of the Bragg mirrors relative to that of the guide crystal. When this is done, the 

25 resulting band structure is shown in FIG, 8, corresponding to the dielectric structure in 
shown in FIG. 9. 

FIG. 8 is a plot of the band structure of a square lattice of rods sandwiched 
between two Bragg mirrors, effectively a composite quasi-3D photonic crystal. The 
30 shaded regions draote the envelope of extended states in the Bragg niirrors. Also shown 
are the bands corresponding to modes localized in the guide crystal. The gdp in the 
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guided modes is aligned with the side bubbles caused by the band gap in the Bragg 
minors. This allows for the creation of high Q defect modes in the guide crystal. 

FIG, 9 is a block diagram of a composite photonic crystal 900 in accordance with 
the invmtion. The photonic crystal 900 includes a square lattice of rods 902 with a lattice 
5 constant a. The rods have a radius of 0.2a, a dielectric constant of e= 1 1.56, and a hdght 
of 1 .7a. The rods are sandwidied betweisn a pair of Bragg miiroiis 904,906. Each of flie 
Bragg mirrors includes alternating first 908 and second 910 layers. The first layers have 
a width of 0.834a and a dielectric constant s=1.0; The second layers have a width of 
0.574a and a dielectric constant e =2. 1 . , 

1 0 Now that the quasi-3D composite photonic crystal is configured, creating a defect 

state is relatively easy. For example, changing the size and/or dielectric constants of one 
or more of the rods will create a defect state. If the dielectric constant of one of the rods 
is decreased (or, equiyalently, decrease its radius), a defect state arises. FIGs. lOA and 
lOB arc cross sections of a point defect state in a quasi-3D photonic crystal 1000 including 

15 a defect rod 1002 in acconlance with the invention with the component of the electric field 
parallel to the rods. FIG. lOA is a side view in a plane inta^ting the axis of the defect 
rod. FIG. lOB is a top view in a plane bisecting the axis of the defect rod. The high 
spatial locality and its similarity in cross section to the corresponding defect state in the 
pure two-dimOTsional system of FIG. 1 1 will be noted. FIG. II is a top view of a point 

20 defect state in a true two-dimensional system 1100 (square lattice of rods). The 
component of the electric field parallel to the rods is shown (TM mode). 

It turns out that one can achieve a higher Q (slower rate of leakage) by having a 
more ddocalized state that is drily a small p^urbation on the original crystal. In this 
case, this is accomplished by changing the dielectric constants of 5 rods in '^plus'* pattern 
25 from 1 1.56 to 9. This yields a defect state with a Q of 1882. 

Compare this to the system with the Bragg mirrors replaced by a material with the 
same average dielectric constant. The configuration has the same band structure, except 
that it doesn't have the two ''bubbles*' on the sides since there is no Bragg gap. Hie 
resulting system depends solely on index confinement to prevent light from escaping 
30 perpendicular to the guide crystal. When the same defect is made, it is found that the 
resulting Q is 1300. tlius, the addition of die Bragg "bubbles" on the side firom the 
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barrier crystals enhances the quality factor by almost 50% in this case. If air had been 
used on both sides, the greatly increased index contrast would have boosted the Q to over 
2000. However, a crystal formed of rods suspended in air cannot actually be constructed. 
The rods have to be stq;>portBd on something. 
5 Another possibUity is to have a Bragg mirror on one side of the guide oystal, but 

only air on the other side. Here, only index confinement is used on the side with the air, 
although the index contrast is higher than the index contrast with the Bragg mirrors. In 
this case, again for the same defect, a Q of 1637 is obtained. The result is worse than 
both the case with two Bragg mirrors and the case with air on both sides. The reason 
10 being that the configuration involves having broken the symmetry of the system. Not only 
can the drfect mode couple to what was formeiiy an inaccessible even mode, but also the 
former odd mode is no longer guided for all k-points in the BriUouin zone. This results 
in a defect state that is made up of states that were extended even in the unperturbed 
system. In short, it is better to have a symmetric structure. 
15 At this point, the parameters of the system have not been tweaked in order to 

optimize the structure. There are many things that can be done. Simply by making the 
rods a little longer, it turns out that one can push die Q up to almost 2200. Other 
improvements would be to increase the radius of the rods (which will enhance the index 
contrast), vary the spacing of the Bragg mirrors (or even add extria layers of different 
20 thicknesses or dielectric constants), and further extend the size of the defect. Separating 
the Bragg mirrors shghtly from the guide crystal (with low-index extensions of the rods) 
would also probably enhance the Q (by reducing the coupling of the defect state with 
states in the Bragg mirrors). These are only minor modifications. One could easily 
completely change the structure, while preserving the essential character of the defect 
25 state, by tising a different lattice or a barrier crystal with 2D periodicity, for example. 

Although the capabUity to trap Ught in a point defect is critical for inost 
^Ucations, it is also important to be able to buUd a one-dimensional waveguide, a line 
defect. It turns out that such a configuration is possible in a quasi-3D system. The same 
structure can be configured in TIR structures and (of course) in true 3D crystals. The 
30 fimdamental reason is that, for a Une defect, the system is stiU periodic in one direction, 
and thus there is one wavenumber k to work with. A point defect has no k and can 
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interact with any state in the band structure that has the same frequency as it. A line 
defect, since it has a k, cannot interact with states having a different k. The foregoing 
restriction permits us to create a state that interacts with nothing else and thus cannot 
escape. 

5 A line defect can be created, for example, by slightly decreasing the dielectric 

ccmstantsof a horizontal line of rods. In this case, the band structuire is projected onto the 
G-X direction, and is shown in FIG. 12. FIG, 12 is a plot of the band structure of a 
quasi-3D composite photonic crystal projected onto the T-X direction, and is the 
framework in which a line defect can be created. Hie rod hdght is slightly different than 

10 in the structure of FIG. 8. From the plot, it is shown that the gap in the guided mode 
remains, and in this gap the line defect creates a band of localized states. 

These states are localized in only the two directions perpoidicular to the 
waveguide, and consist of modes that propagate along the defect FIGs. 13A and 13B 
are side view and top view cross sections, respectively, of a line defect state in a quasi-3D 

15 composite photonic crystal 1300. The defect state is shown in a 5x1 cell, and it is 
extended in the direction shown. 

Although light may be perfectly confined in a line defect, even in the quasi-3D 
structure, this is no longer true as soon as a bend is introduced, as in the structure shown 
in FIG. 14. FIG. 14 is a block diagram of a quasi-3D composite photonic crystal 1400, 

20 similar to the structure of FIG. 9, having a line defect 1402 with a bend positioned in a 
square lattice of rods 1404, and barrier crystals 1406. The defect rods can have, for 
example, a different dielectric constant as in FIG. 13, or a different radius. At a bend, 
light can escape, and the degree of confinement is related to the Q of point defects in the 
same structure. Since quasi-3d composite photonic crystals permit high-Q point defects, 

25 it will be possible to maintain good confinement in waveguides with sharp bends. 

Although the present invention has been shown and described with respect to 
several preferred embodiments thereof, various changes, omissions and additions to the 
form and detail thereof, may be made therein, without departing from the spirit and scope 
of the invention. 

30 What is claimed is: 
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CLAIMS 

1 1. A composite photonic crystal structure comprising: 

2 a guide crystal configured in a plane having a dielectric periodicity in at least a 

3 first direction in said plane; and 

4 barrio crystals configured above and below said guide crystal to confine light 

5 within said guide orystal, said barrier crystals having a dielectric p^odicity in at least a 

6 second direction not in said plane. 

1 2. Hie structure of claim 1, wherdn said guide crystal comprises a two-dimensionally 

2 periodic photonic crystal. 

1 3. The structure of claim 2, wh^ein said barrier crystals comprise a one^ 

2 dimensionally periodic photonic crystal. 

1 4. The structure of claim 2, wh^dn said barrier crystals comprise a two- 

2 dimensionally periodic photonic crystal. 

1 5 . The structure of claim 1, wherein said guide crystal comprises a one-dimensionally 

2 periodic photonic crystal. 

1 6. The structure of claim 5, wha-ein said barrier crystals comprise a two- 

2 dimmsionally periodic photonic crystal. 

1 7. The structure of claim 1^ wherein the combination of said guide crystal and said 

2 barrier crystals exhibits a partial three-dimensional photonic band gzp. 

1 8. The structure of claim 1, wherein said barrier crystals comprise a dielectric 

2 periodicity in at least a second direction orthogonal to said plane. 

1 9. A composite photonic crystal structure comprising: 

2 a guide crystal configured in a plane having a dielectric periodicity in at least 

3 pne dimmsion; and 



wo 00/10040 PCT/US99/18181 

-13- 

4 a barrier crystal configured adjacent said guide crystal to confine light within said 

5 guide crystal, said barrier crystal having a dielectric periodicity in at least two dimensions. 

1 10. The structure of claim 8, wherdn said guide crystal and said barrier crystal have 

2 respective photonic band gaps that are aligned to define a partial three-dimmsional 

3 . photonic band giq). 

1 1 L The structure of claim 9, wherein said guide crystal comprises a two-dimensionally 

2 periodic photonic crystal. 

1 12. The structure of claim 9, wherein said barrier crystals comprise a two- 

2 dimensionally periodic photonic crystal, 

1 13. the structure of claim 9, wherdn said guide crystal comprises a one-dimrasionally 

2 periodic photonic crystal. 

1 14. The structure of claim 9, wherein said barrier crystals comprise ai didectric 

2 periodicity in at least a second direction orthogonal to said plane. 
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PROJECTED BAND STRUCTURE FOR BRAGG MIRRORS 
(6 = 11.56, AIR THICKNESS = 0.7143, HORIZONTAL a=0.8) 




FIG . 5 



RODS IN AIR, HEIGHT = 0.6a 
(6 = 11.56, RADIUS = 0.2a) 




FIG. 6 A 
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RODS IN AIR, HEIGHT^ 1.6a 




FIG.6B 
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FABRY SANDWICH (ROD h=l.7, r=0.2, d=1.0 ) 
(BRAGG MIRRORS- e =2.1 THICKNESS=0.492885, LATTICE C0NSTANT=I.207I4) 




FIG, 8 




FIG. 9 
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FIG. 14 



r-X PROJECTED FABRY SANDWICH(RODh=l,9,r=a2,a = I.O) 
(BRAGG MIRR0RS:^=2.I THICKNESS=a492885, LATTICE CONSTANT= 1.20714) 
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